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Published detections so far
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O3 Candidates so far

GraceDB — Gravitational-Wave Candidate Event Database

| HOME | PUBLICALERTS | SEARCH | LATEST | DOCUMENTATION LOGIN

Latest — as of 26 September 2019 06:19:25 UTC

Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those categories.

Query:
Search for: | Superevent ¥
Search
uTC v
1]]»] Labels t_start t 0 t_end FAR (Hz) Created

$190924h ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1253326743.785645 1253326744.846654 1253326745.876674 8.928e-19 2019-09-24 02:19:25 UTC
$190923y ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1253278576.645077 1253278577.645508 1253278578.654868 4.783e-08 2019-09-23 12:56:22 UTC
$190915ak PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1252627039.685111 1252627040.690891 1252627041.730049 9.735e-10 2019-09-15 23:57:25 UTC
$190910h PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1252139415.544299 1252139416.544448 1252139417.544448 3.584e-08 2019-09-10 08:30:21 UTC
$190910d PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1252113996.241211 1252113997.242676 1252113998.264918 3.717e-09 2019-09-10 01:26:35 UTC
§190901ap PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251415878.837767 1251415879.837767 1251415880.838844 7.027e-09 2019-09-01 23:31:24 UTC
$190829u PE_READY ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251147973.281494 1251147974.283940 1251147975.283940 5.151e-09 2019-08-29 21:06:19 UTC
$190828I PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251010526.884921 1251010527.886557 1251010528.913573 4.629e-11 2019-08-28 06:55:26 UTC
$190828j PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251009262.739486 1251009263.756472 1251009264.796332 8.474e-22 2019-08-28 06:34:21 UTC
$190822c ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1250472616.589125 1250472617.589203 1250472618.589203 6.145e-18 2019-08-22 01:30:23 UTC
$190816i PE_READY ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1249995888.757789 1249995889.757789 1249995890.757789 1.436e-08 2019-08-16 13:05:12 UTC
$190814bv PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1249852255.996787 1249852257.012957 1249852258.021731 2.033e-33 2019-08-14 21:11:18 UTC
$190808ae ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1249338098.496141 1249338099.496141 1249338100.496141 3.366e-08 2019-08-08 22:21:45 UTC
$190728q PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1248331527.497344 1248331528.546797 1248331529.706055 2.527e-23 2019-07-28 06:45:27 UTC
$190727h PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1248242630.976288 1248242631.985887 1248242633.180176 1.378e-10 2019-07-27 06:03:51 UTC
$190720a PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1247616533.703127 1247616534.704102 1247616535.860840 3.801e-09 2019-07-20 00:08:53 UTC
S$190718y ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1247495729.067865 1247495730.067865 1247495731.067865 3.648e-08 2019-07-18 14:35:34 UTC
$190707q PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246527223.118398 1246527224.181226 1246527225.284180 5.265e-12 2019-07-07 09:33:44 UTC
$190706ai PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246487218.321541 1246487219.344727 1246487220.585938 1.901e-09 2019-07-06 22:26:57 UTC
$190701ah PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246048403.576563 1246048404.577637 1246048405.814941 1.916e-08 2019-07-01 20:33:24 UTC
$190630ag PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1245955942.175325 1245955943.179550 1245955944.183184 1.435e-13 2019-06-30 18:52:28 UTC
$190602aq PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1243533584.081266 1243533585.089355 1243533586.346191 1.901e-09 2019-06-02 17:59:51 UTC
$190524q ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242708743.678669 1242708744.678669 1242708746.133301 6.971e-09 2019-05-24 04:52:30 UTC
$190521r PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242459856.453418 1242459857.460739 1242459858.642090 3.168e-10 2019-05-21 07:44:22 UTC
$190521g PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242442966.447266 1242442967.606934 1242442968.888184 3.801e-09 2019-05-21 03:02:49 UTC
$190519bj PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242315361.378873 1242315362.655762 1242315363.676270 5.702e-09 2019-05-19 15:36:04 UTC
$190518bb ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242242376.474609 1242242377.474609 1242242380.922655 1.004e-08 2019-05-18 19:19:39 UTC
§$190517h PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242107478.819517 1242107479.994141 1242107480.994141 2.373e-09 2019-05-17 05:51:23 UTC
$190513bm PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241816085.736106 1241816086.869141 1241816087.869141 3.734e-13 2019-05-13 20:54:48 UTC
S$190512at PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241719651.411441 1241719652.416286 1241719653.518066 1.901e-09 2019-05-12 18:07:42 UTC
$190510g ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241492396.291636 1241492397.291636 1241492398.293185 8.834e-09 2019-05-10 03:00:03 UTC
$190503bf PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240944861.288574 1240944862.412598 1240944863.422852 1.636e-09 2019-05-03 18:54:26 UTC
$190426¢ PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240327332.331668 1240327333.348145 1240327334.353516 1.947e-08 2019-04-26 15:22:15 UTC
$190425z ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1240215502.011549 1240215503.011549 1240215504.018242 4.538e-13 2019-04-25 08:18:26 UTC
S190421ar PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1239917953.250977 1239917954.409180 1239917955.409180 1.489e-08 2019-04-21 21:39:16 UTC
$190412m PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1239082261.146717 1239082262.222168 1239082263.229492 1.683e-27 2019-04-12 05:31:03 UTC
$190408an PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1238782699.268296 1238782700.287958 1238782701.359863 2.811e-18 2019-04-08 18:18:27 UTC
$190405ar ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1238515307.863646 1238515308.863646 1238515309.863646 2.141e-04 2019-04-05 16:01:56 UTC
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Review of Cosmology

The relation between the
luminosity distance and redshift
IS determined by some
cosmological model and its
parameters.

Hence, getting measurements
of both quantities allows us to
compare models and constrain
model parameters, e.qg., the
Hubble constant.

In the local universe,

VH = CI ~ HOdL

— —_
o (@)

@)

luminosity distance dL

2 3 4 9

redshift



Hubble constant tension
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Systematics?

e Likely to be the case for
the cosmic distance
ladder due to calibration,
astrophysics etc.

Or new physics?

e Evolving dark energy,
non-zero curvature of the
universe etc.



Distance, but not redshift

e (Gravitational waves provide a direct measurement of luminosity
distance, but they give no independent information about redshift,
so called “standard sirens”.

M5/3 f(t)2/3
Z h(t) =— — F(angles)cos(D(1))
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e Standard sirens are self-calibrating so long as GR is correct.

e GWs from a local binary with masses mo m
are indistinguishable from masses  (m,m,) «— <1 : )
. +z 142
at redshift z.

¢ To measure cosmology, need an independent measure of redshift.
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How to measure the redshift?

* I the merger produces an EM counterpart (e.9. Kilonovae).
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o |f the post-merger signal is observed.
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EM counterparts

e We now know that BNS merger can emit
EM radiation over a wide range of
frequencies.

e |f the host galaxy is identified that can
provide the redshift

e Challenges:

e GW sky localization regions typically
cover large portions of the sky.

¢ Might be hard to follow up and find
the associated counterpart




GW170817 EM counterparts

GW170817 GW170817
DECam observation DECam observation
(0.5-1.5 days post merger) (>14 days post merger)




p(Ho) (km=?sMpc)

0.03 -

0.02 -

First standard siren measurement of HO

H, = 70*3* km/s/Mpc

e |VC reported a 1-sigma
uncertainty of ~14%

e (Of this uncertainty:

e ~11% came from
uncertainty in measuring
GW luminosity distance.

* The rest came from
uncertainty in the
peculiar velocity of the
galaxy w.r.t the Hubble
flow.

LVC+ 2017
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Breaking the inclination degeneracy
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Breaking the inclination degeneracy
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Cross correlating with galaxy catalogs

Credit: Chris Messenger



Bayesian Formalism

Net
p(Hol{xcw}, {Dgw}) o< p(Ho)p(NgetlHo) l_[ p(xgwilDcw;, Hop) .

\

p(Dgwl|xaw, Ho)p(xaw|Ho)
p(xgw|Dgw, Hp) =

p(Dgw|Hp)

p(xgw|Dgw, Hp) = Z p(xgwlg, Dgw, Ho)p(g|Dgw, Hp) .

] Selection Effects
g=G,G

In catalog Out of catalog

20 Gray, Magana Hernandez+ arXiv:1908.06050



Selection Effects
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21 Credit: Rachel Gray



Mock data studies

Use LIGO’s First Two Years dataset:

e End-to-end simulation of 250

BNS events at O2 like 0.6- MDCO: Known Hog:
tIVItleS . e MDC1: Complete Galaxy Catalog
sensi . 30.5- |
=
e Full parameter estimation for 204
each event available. £ 0.3
. S 0.2-
Simulate a complete galaxy catalog =
- . SE
based on the injected coordinates 0.1
for each event. 00
60 65 70 75

e (Complete out to ~450Mpc, with
euclidian cosmology used to
simulate catalog (used for First

Two Years simulations).
22

Hy (km s~ Mpc™!)

Gray, Magana Hernandez+ arXiv:1908.06050
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Mock data studies
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Mock data studies

* Most galaxy catalogs are not 1.00
complete.

N

~

&
|

e Simulate completeness by
setting an apparent magnitude
threshold.

e We look at 75%, 50% and 25%
completeness fractions here.

—

N

o1
1

Completness Fraction
o
o1
<

©
o

* Expect mcomp!eteness of 100 200 300 400
catalog to dominate the Distance (Mpc)
uncertainty of the statistical
method.

24 Gray, Magana Hernandez+ arXiv:1908.06050



Mock data studies

100% Complete
75% Complete

50% Complete |
25% Complete

60 05 70 D 30

Gray, Magafia Hernandez+ arXiv:1908.06050



Mock data studies

e We expect BNS merger to be
biased tracers of star-formation and
or the stellar mass.

¢ (Can ‘luminosity weight’ galaxies as
a proxy.

e Blue galaxies, proxy for star-
formation

Completness Fraction

e Red galaxies, proxy for total
stellar-mass 0.0

100 200 300 400
Distance (Mpc)
e Assign a luminosity to simulated

BNS mergers so that they are more
likely to occur in luminous galaxies

2% Gray, Magana Hernandez+ arXiv:1908.06050



Mock data studies
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27 Gray, Magana Hernandez+ arXiv:1908.06050



Mock data studies

A680%/2H0: median and 68% range
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GW170817 statistical HO: Galaxy catalog

First application of the statistical
method to a real GW event.

In here we pretend we don’t know
the location of the GW event (at
z~0.01).

We use the GLADE galaxy
catalog for cross correlation,
around 50% complete out to 120
Mpc.

Single dominant group of galaxies
containing NGC 4993

Fishbach, Gray, Magafa Hernandez+ ApJL 871 L13

1.0

] ] ] ]

0.8 -+
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o
|

Pcomplete <Z )

—— Lp>025L5 e -
. LB > 005[4% .............
Lp > 0.0l[fg

| | | |
] ] ] ]

~ Lp > 0.626L%

Lp > 0.25L%, Lp weights
= Lg > 0.005L%, Lix weights
== Li > 0.005L%




GW170817 statistical HO: Localization

-0.045

."u+
~15° - ; !
+ -0.040
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e (alaxies that contribute to the statistical cross correlation with GLADE using
the 99% GW170817 localization region within the redshift range 0 < z < 0.046.

Fishbach, Gray, Magafa Hernandez+ ApJL 871 L13
30



GW170817 statistical HO: Results

0.030 | Equal galaxy weights |
........ Lp > 0.0l[fé
0.025 7 Lp > 0.25L% - o
we- Lp>0.626L% Statistical measurement

assuming counterpart s Only ~2 times as broad
as counterpart
measurement

Fishbach, Gray, Magafa Hernandez+ ApJL 871 L13
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GW170817 statistical HO: Results

- B-band luminosity weights
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Fishbach, Gray, Magafa Hernandez+ ApJL 871 L13 Sta r-fo rm ati O n We ig hts
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GW170817 statistical HO: Results

- K-band luminosity weights ,

0.020
........ L > 0.005L%

2 0015 - e Lg>01L} |
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f ootod SN equal weights |
5
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S Y S e

| | |
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Fishbach, Gray, Magafia Hernandez+ ApJL 871 L13 Ste I I a r m as S We ights
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How good was GW1708177

0.040 ' ' ' '

0.035 1 — GWI170817 F

O
2 (0.030 -
=

Fishbach, Gray, Magafia Hernandez+ ApJL 871 L13



GW170814 - Triple BBH detection
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GW170814

First application of the statistical method to a binary black hole event,
“dark siren”.

We used the DES Y3 data, as well as the GW170814 localization data.

No EM information for BBH events, statistical method might be the only
realistic way of constraining cosmology with BBHs.

Measurement dominated by photometric redshift uncertainties and high
iIncompleteness fractions of galaxy catalog at high redshift, e.g. for
GW170814, one must consider galaxies out to z~0.3 given HO prior.

36



GW170814

DES galaxy distribution
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37 DES, LVC 2019
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GWTC-1 Analysis
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GWTC-1 Analysis
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0O1+02 Measurement
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0O1+02 Measurement

0.06 m —
t e Joint BBH+GW170817 Counterpart
ii e Joint BBH
L e GW170817 Counterpart
005 n I
" = = = Prior (Uniform)
~ 1 Planck
O 1
o I —— SHOES
04 - 1 } .
= 0.0

43 LVC+ 2019 arXiv:1908.06060



Caveats - Merger Rate Evolution
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Caveats - Luminosity Weights
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Caveats - Unknown Population
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Conclusion

GW standard sirens provide an independent measurement of
cosmological parameters.

GW+EM counterparts provide the tightest constrains.

Statistical method uncertainty due to galaxy catalog
iIncompleteness, photometric redshift uncertainties and large
number of galaxies.

More work needed to be done for the BBH statistical
constrains: Incompleteness, large number of galaxies, etc.

Statistical method might be the only way to constrain
cosmology using binary black holes.
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cosmological parameters.
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iIncompleteness, photometric redshift uncertainties and large
number of galaxies.

More work needed to be done for the BBH statistical
constrains: Incompleteness, large number of galaxies, etc.
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cosmology using binary black holes. _
Questions?
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